Three experiments were conducted to evaluate the effects of 25-hydroxycholecalciferol (25-OH-D 3 ) on the growth performance, small intestinal morphology, and immune response of broiler chickens. In experiment 1, 25-OH-D 3 neither increased nor decreased weight gain and feed efficiency compared with the controls during the 39-d feeding period. Birds fed 25-OH-D 3 exhibited numerically higher phagocytosis (45%) than the controls (35%). In experiment 2, chicks were fed diets similar to those used in experiment 1 and were killed at 7, 14, 21, 28, and 35 d of age to determine the relative weight and histology of the small intestine. The relative weight of the small intestine from birds fed 25-OH-D 3 was numerically lower (P < 0.1) at 7 d of age. It was found that 25-OH-D 3 consistently resulted in longer (P < 0.05) villus length of the duodenum in 21-and 28-d-old birds and of the jejunum in 14-and 28-d-old birds. Shorter (P < 0.05) crypt depth was observed in the duodenum at 14 d of age and in the jejunum at 21 and 28 d of age. A higher (P < 0.05) ratio of villus length to crypt depth was also observed in the duodenum and jejunum at 14, 21, and 28 d of age of birds fed 25-OH-D 3 . The thickness of muscle layer increased in the duodenum at 14, 28, and 35 d of age in birds fed 25-OH-D 3 . In experiment 3, birds were orally challenged with either Luria-Bertani broth or Salmonella Typhimurium E29 at 7 and 14 d of age. Uninfected birds fed 25-OH-D 3 had lower total serum IgA at 14 d of age and lower total serum IgG at 21 d of age. However, infected birds fed 25-OH-D 3 produced higher (P < 0.1) total serum IgG at 21 d of age. The results of this study suggest that supplemental 25-OH-D 3 improves small intestinal morphology and protective humoral immunity to infection.
INTRODUCTION
The common commercial source of vitamin D activity for poultry nutrition is vitamin D 3 . Once absorbed, vitamin D 3 is transported to the liver, where it is hydroxylated to 25-hydroxycholecalciferol (25-OH-D 3 ), which is then routed to the kidney for a second hydroxylation to form several vitamin D dihydroxy metabolites, of which 1α,25-dihydroxycholecalciferol [1α,25-(OH) 2 -D 3 ] is regarded as being the most active form.
Since the commercialization of 25-OH-D 3 , there has been much interest from the poultry industry in the use of this vitamin D metabolite as a source of vitamin D activity in poultry nutrition. Bar et al. (1980) compared the net absorptions of vitamin D 3 and 25-OH-D 3 in 20-d-old broiler chicks fed the 2 vitamin D sources over a 6-d period. The absorption of 25-OH-D 3 was greater than that of vitamin D 3 . In contrast, the overall daily excretion of metabolites was higher for vitamin D 3 than for 25-OH-D 3 . The differences in net absorption and retention of the 2 sources of vitamin D may help to explain the higher biopotency of 25-OH-D 3 .
Vitamin D may have a role in regulating the morphological and functional development of intestinal villus mucosa (Shinki et al., 1991) . A single injection of 1α,25-(OH) 2 -D 3 into chicks deficient in vitamin D produced a marked increase in putrescine accumulation from ornithine and spermidine in the duodenum (Shinki et al., 1985) . Thus, the mechanism by which vitamin D acts on the small intestine may be mediated by putrescine. It is well documented that polyamines (putrescine, spermidine, and spermine) play an essential role in cell proliferation and differentiation (Tabor and Tabor, 1984) . Ornithine decarboxylase is the ratelimiting enzyme for converting ornithine to putrescine, whereas spermidine N-acetyltransferase is essential for the regeneration of putrescine from spermidine. Their activities are markedly enhanced by 1α,25-(OH) 2 -D 3 (Shinki et al., 1981 (Shinki et al., , 1985 .
The identification of vitamin D receptors (VDR) in peripheral blood mononuclear cells led to interest in vitamin D as an immune system regulator (Bhalla et al., 1983) . 1α,25-Dihydroxycholecalciferol probably regulates innate immunity by acting through the VDR, which directly activate or repress the intended target genes. Helper T (Th) cells are central to all antigenspecific immune responses. The microenvironment in which naïve Th cells develop determines which of 2 subtypes (Th1 or Th2) predominates. Upon antigenic stimulation, Th1 cells secrete interleukin (IL)-2, interferon-γ, and tumor necrosis factor-α, whereas Th2 cells release IL-4, IL-5, IL-6, and IL-10. The Th1 cells are major players in delayed-type hypersensitivity and proinflammatory responses, whereas Th2 cells induce B-cell growth and differentiation and thus induce immunoglobulin production. The Th1 and Th2 cells are direct targets of 1α,25-(OH) 2 -D 3 , which reduces Th1cell-associated cytokine production and increases Th2 cell IL-4 secretion.
The objectives of the current study were to examine how supplemental 25-OH-D 3 affects the growth performance, small intestinal morphology, and immune response of broiler chickens.
MATERIALS AND METHODS

Birds and Housing
Three experiments were conducted using 1-d-old chicks of the Arbor Acres strain. Both male and female chicks were used in experiment 1, whereas only male chicks were used in experiments 2 and 3. Birds were housed in floor pens (0.17 m 2 /bird) in an open-sided house, with an average temperature of 28.6°C and 22 h of light per day. Feed and water were provided ad libitum. The experiment was carried out at National Chung-Hsing University and the experimental protocol for animal use was approved by the Animal Care and Use Committee.
Diets
Two basal (control) diets (Table 1) were formulated to meet or exceed the nutrient requirements of the NRC (1994) recommendations for broiler starters and growers. The level of supplemental vitamin D 3 in both control diets was maintained at 3,000 IU/kg of diet. The 25-OH-D 3 (HyD, DSM Nutritional Products) was supplemented at 69 and 34.5 μg/kg of complete feed in the control starter and grower diets, respectively, thus constituting the experimental diets. The starter diet was fed from 0 to 21 d of age, whereas the grower diet was fed from 22 to 39 d of age.
Experimental Design
Experiment 1. Three hundred 1-d-old chicks (150 males and 150 females) were randomly assigned to the control and experimental groups. There were 6 pens (3 male pens and 3 female pens) per treatment group and 25 chicks per pen. Diets were fed to the birds from 0 to 39 d of age. Live weight and feed intake were monitored at 21 and 39 d of age.
At the termination of the experiment, 10 birds were randomly selected from each of the control and 25-OH-D 3 groups. Blood samples were collected from the basilic vein of these birds to determine the phagocytic potential of polymorphonuclear leukocytes (PMN). Experiment 2. One hundred 1-d-old male chicks were randomly divided into 2 groups and were fed diets similar to those used in experiment 1. Six birds were randomly selected from each group at 7, 14, 21, 28, and 35 d of age and were killed. Segments of duodenum, jejunum, and ileum were then collected to determine relative weight and histology. Experiment 3. Twenty 1-d-old male chicks were randomly divided into 4 groups of 5 chicks per group. The chicks were fed either the control diet or the experimental diet and were challenged orally with Salmonella Typhimurium E29 (1 × 10 9 cfu/bird) or with Luria-Bertani broth at 7 and 14 d of age designated as the primary and secondary infection. Live weight and feed intake were recorded at 21 and 42 d of age. Serum samples were collected from each bird at 14 and 21 d of age to determine antibody titers and phagocytosis of PMN.
Intestinal Histology
Intestinal histology was determined according to the method of Yu et al. (1998) . Sample sections (3 cm in length) were taken from the front region of the duodenum, the middle region of the jejunum, and the ileum region; rinsed with 0.01 M PBS (pH 7.2); and placed into 10% buffered neutral formaldehyde solution (pH 7.2 to 7.4). Then, all samples were gradually dehydrated, sectioned at 6 mm, and stained with hematoxylin and eosin. Finally, each sample was observed using light microscopy.
PMN Phagocytosis
PMN Isolation. Polymorphonuclear leukocytes were isolated by the modified method of Latimer et al. (1989) . Disodium-EDTA-anticoagulated blood was centrifuged at 150 × g for 15 min. The plasma layer was removed and replaced with 0.85% saline. The gradient was constructed by placing 3 mL of Histopaque-1119 (catalog no.11191, Sigma, St. Louis, MO) in a 15-mL centrifuge tube. This material was overlaid with 3 mL of Histopaque-1077. The blood sample was layered on to the preconstructed discontinuous Ficoll-Hypaque gradient. The gradient tube was then centrifuged at 200 × g for 30 min. After centrifugation, saline, mononuclear leukocytes (at the saline-Histopaque-1077 junction), Histopaque-1077, and a portion of Histopaque-1119 were discarded. Surplus Histopaque-1119 and the superstratum of the red blood cell pellet were collected and washed twice in saline. Centrifugation at 200 × g for 10 min was sufficient to pellet the cell suspension. After the supernatant had been decanted, erythrocytes were lysed by the addition of 7 volumes of 0.87% NH 4 Cl in 0.1% KHCO 3 (pH 7.2) to 1 volume of packed cells.
After erythrocyte lysis, the sample was again centrifuged at 200 × g for 10 min. The supernatant was discarded and the cell pellet was washed twice in saline to remove soluble erythrocyte lysate products.
Fluorescence Labeling of Bacteria. The method of Raidal et al. (1998) was adapted for fluorescent labeling of Salmonella Typhimurium E29. Bacteria in broth were heat-inactivated at 60°C for 30 min before washing twice in PBS. The bacterial cell pellet was resuspended in 20 mL of bicarbonate buffer (made up as 1 volume of 0.5 M Na 2 CO 3 and 3 volumes of 0.5 M NaHCO 3 , pH 9.5) with 0.04% fluorescein isothiocyanate (catalog no. F3651, Sigma), protected from light, and incubated at 37°C with agitation for 2 h. Cells were washed twice in PBS and resuspended in 20 mL of PBS. The bacterial cell counts were 1 × 10 9 /mL and the cells were stored frozen at −20°C.
Phagocytosis Assay In Vivo. Polymorphonuclear leukocytes (3 × 10 6 cells/tube) were collected from the birds of the control and 25-OH-D 3 groups in experiment 1. The PMN phagocytic activity was measured by flow cytometry. Fluorescein isothiocyanate-labeled Salmonella was added to the PMN samples to a final density of 6 × 10 7 cfu/tube and incubated at 41°C for 10 min. The samples were then placed on ice and 300 μL of ice-cold saline was added to each tube to stop phagocytosis. The samples were washed twice in icecold saline and were resuspended in 1% paraformal-dehyde. The fluorescence of the extracellular bacteria (i.e., free bacteria and bacteria adhered to phagocytes but not interiorized) was quenched by adding 300 μL of crystal violet (0.1% in saline) per sample. The samples were then mixed immediately and analyzed in a flow cytometer (Cytomics FC 500, Beckman Coulter, Fullerton, CA).
Bacterial Strains
Experimental infections were carried out using Salmonella Typhimurium E29. Bacterial stocks were stored in glycerol at −70°C and grown in Luria-Bertani broth (catalog no. 244620, Becton Dickinson, Sparks, MD) for 18 h at 37°C. The suspensions were checked for purity and the number of colony-forming units was determined by plating 10-fold dilutions on XLD agar (catalog no. 2785550, Becton Dickinson). The suspensions were used for experimental infection.
Antibody Titers
Total serum immunoglobulins of each isotype were detected in sera by ELISA using goat anti-chicken IgG, IgA, or IgM antibodies (catalog no. E30-103, E30-104, E30-102, Bethyl, Montgomery, TX). A second ELISA was developed to assess antibody responses against Salmonella Typhimurium E29. The Salmonella Typhimurium E29 antigen was prepared according to the method of Withanage et al. (2005) . Overnight cultures of Salmonella Typhimurium E29 were centrifuged at 13,000 × g for 10 min and then washed twice and resuspended in 20 mL of PBS. The bacterial suspension was added with 0.1% Triton X-100 and 0.5 mM phenyl methyl sulfonyl fluoride to inhibit the activity of protease. The suspension was clarified by centrifugation at 10,000 × g for 30 min to collect the supernatant and was stored at −20°C until it was needed.
The wells of 96-well microtiter plates were coated with bacterial antigen of Salmonella Typhimurium E29 in 0.05 M carbonate-bicarbonate buffer [pH 9.5 (100 μL/well)], incubated for 1 h at 37°C, and washed 3 times in PBS-Tween 20 (0.05%) (washing buffer). The plates were preblocked with PBS supplemented with 1% BSA (catalog no. A-9647, Sigma) for 1 h at 37°C, applying 100 mL per well, and washed 3 times with washing buffer. Serum samples were diluted and plates were incubated for 1 h at 37°C and washed 3 times with washing buffer. Bound immunoglobulins were detected by incubating with horseradish peroxidase-conjugated goat anti-chicken IgG, IgA, or IgM in PBS (100 μL/ well) for 1 h at 37°C and washing 3 times with washing buffer. 3,3,5,5-Tetramethylbenzidine was added at 100 μL/well and the plates were incubated at 37°C in the dark. After 30 min, the reaction was stopped with 1 M sulfuric acid and the absorbance at 450 nm was read using an ELISA reader (Sunrise, Tecan, Männedorf, Switzerland).
Statistical Analysis
The SAS software package (Version 9.1; SAS Institute, 2006) was used to analyze the significance of all results. All results were expressed as mean ± SD. A Student's t-test was used for intergroup comparison, and a P-value less than 0.05 was considered to be significant.
RESULTS AND DISCUSSION
Growth Performance
The results of experiment 1 are shown in Table 2 . Weight gain and feed efficiency were neither increased nor decreased by 25-OH-D 3 . However, 25-OH-D 3 lowered the feed intake of birds in the grower phase (22 to 39 d of age), resulting in a 5% improvement in feed efficiency. These results were in agreement with those reported by Angel et al. (2005) . In contrast, Fritts and Waldroup (2003) reported that 25-OH-D 3 , being a source of vitamin D 3 , improved both weight gain and feed efficiency in growing broilers.
Small Intestinal Morphology
The small intestine of 7-d-old birds fed 25-OH-D 3 weighed numerically (P < 0.1) less than that of the control birds (Figure 1 ). There was a numerical trend for birds fed 25-OH-D 3 to have lighter small intestines at 14, 21, 28, and 35 d of age (Figure 1 ). Derting and Bogue (1993) reported that there was a direct relationship between the wet and dry mass of the small intestine and the energy demand by the animal. The current study suggests that supplemental 25-OH-D 3 results in lighter small intestines and therefore may lower the dietary energy need of broiler chickens. Further research is needed to confirm this finding.
The small intestinal morphologies of broiler chickens at different ages are shown in Table 3 . The small intestinal morphology of 7-d-old birds was not examined because the small intestine is not fully developed until 10 d of age (Geyra et al., 2001) . It was found that 25-OH-D 3 consistently resulted in significantly (P < 0.05) longer villus length of the duodenum at 21 and 28 d of age and of the jejunum at 14 and 28 d of age compared with the controls. However, birds fed 25-OH-D 3 had significantly (P < 0.05) shorter villus length of the ileum at 14, 21, and 35 d of age than the controls. Significant shorter (P < 0.05) crypt depth was observed in the duodenum at 14 d of age and in the jejunum at 21 and 28 d of age. The ratio of villus length to crypt depth was significantly (P < 0.05) greater in the duodenum and the jejunum of birds fed 25-OH-D 3 at 14, 21, and 28 d of age and the ratio was also increased in the ileum at 14 and 35 d of age ( Figure 2) . That supplemental 25-OH-D 3 positively influenced villus length and crypt depth in this study may suggest an enhanced rate of nutrient absorption and a reduced rate of enterocytecell migration from the crypt to the villus.
The mechanism by which vitamin D regulates the morphological and functional development of intestinal villus mucosa may be mediated by putrescine (Shinki et al., 1991). It is well documented that polyamines (putrescine, spermidine, and spermine) play an essential role in cell proliferation and differentiation. Putrescine can be produced from both ornithine and spermidine. Ornithine decarboxylase is the rate-limiting enzyme for the conversion of ornithine into putrescine, whereas spermidine N-acetyltransferase is essential for regenerating putrescine from spermidine. The activities of both ornithine decarboxylase and spermidine N-acetyltransferase are markedly enhanced by 1α,25-(OH) 2 -D 3 (Shinki et al., 1981 (Shinki et al., , 1985 . How supplemental 25-OH-D 3 positively influences small intestinal morphology cannot be de-termined from the study reported herein. Yarger et al. (1995) reported that serum 25-OH-D 3 concentrations increased more rapidly in birds fed 25-OH-D 3 than in birds fed vitamin D 3 . One possibility is that increased serum 25-OH-D 3 concentrations may result in an increase of free 1α,25-(OH) 2 -D 3 concentration, although the serum concentration of vitamin D metabolites were not measured in our study. The studies of Yarger et al. (1995) did not detect a significant correlation between serum 25-OH-D 3 and 1α,25-(OH) 2 -D 3 . However, this may be indicative of the tight self-regulation of vitamin D metabolism, supporting the free hormone hypothesis Means within a row with different superscripts are significantly different (P < 0.05).
EFFECTS OF SUPPLEMENTAL 25-HYDROXYCHOLECALCIFEROL
for the actions of 1α,25-(OH) 2 -D 3 whereby the biological activity is correlated with the concentration of free hormone (Dusso et al., 2005) . The other possibility is that 25-OH-D 3 may act directly on the VDR in a VDRindependent action of 1α,25-(OH) 2 -D 3 (Dusso et al., 2005) , albeit it binds to VDR with lower affinity than 1α,25-(OH) 2 -D 3 (Stern, 1981) . At d 14 and 28, the thickness of muscle layer increased in the 25-OH-D 3 -fed birds in the duodenum, and at 35 d, it increased in the duodenum and the jejunum and decreased in the ileum. An increase in the intestinal muscle depth may be explained by 2 possibilities. The mast cells of the small intestinal mucosa play an important role in the motility of the fibromuscular elements (Hristov et al., 2008) . Because the form of mast cells in the muscle layer is in fusiform (Hristov et al., 2008) as well as in close association with peristalsis, the increased muscle depth is a direct consequence of increased peristalsis. Increased thickness of muscle layer may also be associated with increased rate of digesta passage as a result of increased feed intake. However, an increase in feed intake was not observed in the study reported herein. Therefore, it may be possible that increased muscle depth arises from the hypertrophy of muscle cells under the influence of topical hormones or growth factors, or both.
Innate and Humoral Immunity
Innate immune responses typically involve the participation of myeloid cells, which include mononuclear phagocytes and polymorphonuclear phagocytes (Beutler, 2004) . The mononuclear phagocytes include macrophages (derived from monocytes) and dendritic cells. The polymorphonuclear phagocytes in chickens are called heterophils, which consist of neutrophils, basophils, and eosinophils. 1α,25-Dihydroxycholecalciferol probably regulates innate immunity by acting through the VDR (expressed on the cell surface of the phagocytes), which directly activate or repress the intended target genes. In addition, 1α,25-(OH) 2 -D 3 can induce normal and leukemic hematopoietic cells to differentiate into monocytes-macrophages (Bar-Shavit et al., 1983) . Liu et al. (1996) reported that 1α,25-(OH) 2 -D 3 , acting through the VDR, transcriptionally activated the Cdk inhibitor p21 gene, which caused the myeloid leukemic cell lines to terminally differentiate into monocytesmacrophages. Neutrophils, the professional phagocytes, express messenger RNA of the VDR on the cell surface in response to 1α,25-(OH) 2 -D 3 (Takahashi et al., 2002) , suggesting that vitamin D plays an important role in upregulating innate immune responses. In this study, PMN isolated from the control and 25-OH-D 3 -fed birds exhibited 35 and 45% phagocytosis. Nevertheless, there was no statistical difference between these 2 groups. Table 4 shows the growth performance of birds fed with and without 25-OH-D 3 and orally infected with Salmonella Typhimurium. There was a tendency toward increased growth in the uninfected chicks fed 25-OH-D 3 from d 22 to 42. Supplemental 25-OH-D 3 had no effect on the growth performance of infected birds, which agreed with the study of Beal et al. (2004) . Salmonella Typhimurium is capable of causing highly virulent systemic disease in young birds less than 3 d old (Barrow et al., 1987) . However, if infection occurs in birds older than 3 d, in which the gut immune structures such as Peyer's patches and lamina propria and gut-associated immune cell populations progressively mature and expand (Bar-Shira et al., 2003) , Salmonella Typhimurium leads to persistent enteric infection with transient lowlevel systemic involvement (Barrow et al., 1987) .
Supplemental 25-OH-D 3 numerically (P < 0.1) reduced the total serum IgA and IgG concentrations in uninfected birds at 14 and 21 d of age, respectively (Table 5 ), but increased the total serum IgG concentration in infected birds at 21 d of age. This may suggest that birds are capable of prioritizing and partitioning the use of supplemental 25-OH-D 3 depending on their health status. It was also interesting to note that the concentrations of total serum IgG and IgA did not differ between uninfected and infected birds. This may have been due to changes in the cell-mediated immunity, albeit not examined in the present study, without alteration in the humoral immunity or to downregulation of the activation of lymphocytes and the subsequent production of antibodies, which may have been coincidental with the clearance of the invading pathogen. Aslam et al. (1998) reported that vitamin D deficiency depresses the cell-mediated immunity without affecting the humoral immunity (i.e., antibody production). However, the present study was conducted under conditions of vitamin D adequacy.
Birds produce high levels of Salmonella-specific IgM, IgG, and IgA that coincide with the clearance of salmonellae from the gut lumen (Hassan et al., 1990 (Hassan et al., , 1991 Brito et al., 1993; Beal et al., 2004) , suggesting that humoral immunity is involved in eliminating the pathogen. In healthy or uninfected birds, supplemental 25-OH-D 3 produced concentrations of Salmonella-specific Means within a row with different superscripts are numerically different (P < 0.1). 1 n = 4 and 5 for the control and 25-OH-D 3 groups, respectively. 2 Broiler chickens were challenged at 7 and 14 d of age. Means within a row with different superscripts are numerically different (P < 0.1). 1 n = 4 and 5 for the control and 25-OH-D 3 groups, respectively. 2 Broiler chickens were challenged at 7 and 14 d of age. 3 Primary antibody response. 4 Secondary antibody response.
IgG that were lower than those in the controls ( Figure  3) . In infected birds, the concentrations of Salmonellaspecific IgG, IgA, and IgM were not significantly different from those in the controls during primary infection (Figure 4 ). However, these Salmonella-specific antibodies appeared to be greater in birds fed 25-OH-D 3 (approached significance) than in the controls during secondary infection, as shown in Figure 4 .
The primary immune response is considered to be weak when the bird first encounters the pathogen (Abbas and Lichtman, 2004) . Vitamin D [1α,25-(OH) 2 -D 3 ] favors the development of Th2 cells, which induce Bcell growth and differentiation and subsequently induce immunoglobulin production (Beal et al., 2004) . Recruitment of memory cells is required to mount an adaptive immune response. Birds respond strongly to the secondary immune response when they are reinfected. During reinfection, memory cells convert into Th cells, which stimulate memory B cells to accelerate the production of large quantities of specific antibodies. This is in agreement with the results shown in Figure 4 . Higher antibody levels increase the immunocompetence of the bird to clear the pathogen.
Overall, supplemental 25-OH-D 3 had no apparent effects on growth performance. However, it resulted in lighter relative weight, longer villus length, and shorter crypt depth of the small intestine. These changes in the small intestine suggested a lower energy demand and an enhanced nutrient absorption in the broiler chicken. Supplemental 25-OH-D 3 allowed unchallenged birds to conserve nutrients for other physiological needs by maintaining a lower level of total serum antibody. Moreover, supplemental 25-OH-D 3 improved protective humoral immune responses at the time of infection. 
